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•  SDS  enhances  mesoporous  structures  and  surface  electroactive  sites. 

•  SDS-assisted  NiCo204  electrode  shows  faster  electrochemical  kinetics. 

•  SDS-assisted  NiCo204  electrode  exhibits  enhanced  electrocatalytic  activity. 

•  Surface  physicochemical  properties  strongly  affect  electrocatalytic  behavior. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  6  September  2013 
Received  in  revised  form 
1  November  2013 
Accepted  21  November  2013 
Available  online  1  December  2013 


Keywords: 

Nickel  cobaltite 

Methanol  oxidation  reaction 

Electrocatalysts 

Fuel  cells 

Mesoporous 

Soft-template 


Mesoporous  nickel  cobaltite  (NiCo204)  nanoparticles  have  been  synthesized  via  a  facile  hydrothermal 
strategy  with  the  assistance  of  sodium  dodecyl  sulfate  (SDS)  soft  template  (ST).  Their  physicochemical 
properties  have  been  characterized  via  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM)  and 
energy-dispersive  X-ray  spectra  (EDS),  transmission  electron  microscopy  (TEM),  X-ray  photoelectron 
spectra  (XPS)  and  nitrogen  sorption  measurements.  Their  electrocatalytic  performances  have  been 
examined  by  cyclic  voltammetry  (CV),  linear  sweep  voltammetry  (LSV),  chronoamperometry  (CA)  and 
electrochemical  impedance  spectroscopy  (EIS)  tests.  The  obtained  NiCo204  materials  exhibit  a  typical 
nanoscale  crystalline  hexagonal  morphology  with  specific  surface  area  (SSA)  and  mesopore  volume  of 
88.63  m2  g-1  and  0.298  cm3  g-1.  Impressively,  the  SDS-assisted  NiCo204  electrode  shows  a  catalytic 
current  density  of  125  mA  cm-2  and  72%  retention  for  consecutive  1000  s  at  0.6  V  in  1  M  KOH  and  0.5  M 
CH3OH  electrolytes  towards  methanol  (CH3OH)  electrooxidation,  which  is  better  than  the  one  without 
SDS  assistance.  The  pronounced  electrocatalytic  activity  is  largely  ascribed  to  their  higher  surface  in¬ 
tensities  of  Co  and  Ni  species  and  superior  mesoporous  nanostructures,  which  provide  the  richer  elec¬ 
troactive  sites  and  faster  electrochemical  kinetics,  leading  to  the  enhanced  electrocatalytic  activity. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Environmental  pollution,  climate  change,  and  exhaust  of  fossil 
fuels  have  triggered  the  ever-growing  worldwide  interest  in 
developing  sustainable  and  clean  energy  devices  [1,2].  Direct 
methanol  fuel  cells  (DMFCs)  have  been  regarded  as  a  promising 
candidate  for  future  energy  demand,  largely  owing  to  their  high 
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energy  conversion  efficiency,  low  operating  temperature  and  light 
pollutant  emission  [3].  DMFCs  are  generally  divided  into  two  cat¬ 
egories  according  to  whether  the  electrolyte  is  acidic  or  alkaline. 
Alkaline  DMFCs  have  usually  aroused  more  interest  than  the  acid 
one  due  to  the  potential  use  of  lower-cost  non-Pt  catalysts  to 
achieve  faster  kinetics  of  both  oxygen  reduction  reaction  (ORR)  and 
methanol  oxidation  reaction  (MOR)  in  alkaline  medium  [4].  The  use 
of  non-Pt  catalysts  can  substantially  reduce  the  cost  of  the  fuel  cell 
system.  Moreover,  the  less-corrosive  nature  of  an  alkaline  envi¬ 
ronment  ensures  a  potential  greater  longevity. 

One  of  the  key  requirements  for  alkaline  DMFCs  is  to  explore 
highly  efficient  and  much  cheaper  anode  catalysts  for  MOR  to 
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replace  the  traditional  noble  metal  catalysts  including  platinum 
(Pt)  [5-9],  palladium  (Pd)  [10-13],  ruthenium  (Ru)  [14]  and  their 
alloys  [9,15-17].  Thus,  much  efforts  in  the  search  for  alternative 
low-cost  transition  metal  oxides  catalysts,  such  as  NiO  [18-20], 
C03O4  [21  ],  MnO*  [22],  etc,  have  been  devoted  in  recent  years  in  the 
fuel  cell  community.  Unfortunately,  the  comparatively  low  elec¬ 
tronic  conductivity  and  poor  catalytic  activity  of  these  metal  oxides 
hinder  their  further  applications.  As  a  result,  it  is  still  a  key  chal¬ 
lenge  to  explore  novel  metal  oxides  catalysts  with  high  conduc¬ 
tivity  and  catalytic  activity  for  MOR. 

It  is  reported  that  transition  metal  based  composite  materials, 
such  as  dioxides,  perovskites,  pyrochlores,  and  spinel-type  oxides, 
usually  exhibit  synergistic  enhancement  in  catalytic  activities  that 
are  much  better  than  a  simple  combination  of  individual  compo¬ 
nents,  exhibiting  promising  properties  with  respect  to  chemical 
activity,  stability,  or  resistance  to  poisoning  [23].  Of  which,  cobalt- 
containing  spinel-type  oxides  (MC02O4,  where  M  =  Ni,  Mn,  Zn,  Cu, 
Mg,  etc.)  have  attracted  considerable  attention  due  to  their  superior 
activity,  easy  availability,  high  thermodynamic  stability,  and  low 
electrical  resistance  [24,25].  It  is  well-known  that  spinel  bimetallic 
oxide  nickel  cobaltite  (NiCo204)  possesses  richer  redox  chemistry 
(both  Ni  and  Co  active  species),  much  better  electronic  conductivity 
(at  least  two  orders  of  magnitude  higher)  than  nickel  oxide  and 
cobalt  oxide  [26,27],  and  the  NiCo204  materials  have  already  shown 
excellent  electrocatalytic  activities  in  many  electrode  reactions,  for 
example:  CI2  evolution  reaction  (CER)  [28],  O2  evolution  reaction 
(OER)  [27,29],  O2  reduction  reaction  (ORR)  [30,31],  H2O2  reduction 
reaction  (HRR)  [32-34],  etc.  The  recent  researches  have  shown  that 
the  spinel  NiCo204  materials  exhibit  also  a  high  catalytic  activity 
towards  MOR  [33-36].  However,  to  further  enhance  their  activity 
remains  very  meaningful  for  the  promotion  of  high-performance 
non-Pt  catalysts  based  alkaline  DMFCs. 

Sodium  dodecyl  sulfate  (SDS)-assistant  soft-template  (ST) 
method  is  regarded  as  an  effective  technique  to  fabricate  functional 
mesoporous  nanomaterials  via  the  oil-water  interface  self- 
assembly  process  between  organic  phase  and  inorganic  pre¬ 
cursors  [37].  Moreover,  hydrothermal  technique  is  a  desirable 
method  to  synthesize  superior  crystalline  nanoparticles  due  to  its 
unique  temperature  and  pressure  environments.  Therefore,  a 
combination  of  these  two  techniques  can  be  expectable  to  obtain 
advanced  electrocatalysts  for  MOR. 

In  this  work,  mesoporous  NiCo204  nanoparticles  were  synthe¬ 
sized  via  a  facile  hydrothermal  method  with  the  assistance  of  SDS 
template.  Their  physicochemical  properties  were  characterized, 
and  further  their  electrocatalytic  behavior  towards  MOR  was 
investigated,  which  shows  a  high  catalytic  activity  and  stability,  and 
thus  a  promising  application. 

2.  Experimental 

2.1.  Synthesis  of  materials 

All  the  reagents  in  the  experiment  are  of  analytical  grade  and 
were  used  without  further  purification.  Firstly,  Co(N03)2-6H20 
(0.67  g),  Ni(N03)2-6H20  (0.33  g)  and  SDS  (1.0  g)  were  dissolved 
in  distilled  water  (20  mL)  under  continuous  magnetic  stirring  for 
30  min  to  form  a  homogenous  solution.  Next,  NaOH  (0.3  M, 
22  mL)  aqueous  solution  was  poured  into  the  above  generated 
solution  under  continuous  stirring  for  another  30  min  to  form  a 
well-mixed  solution.  Then,  the  resulting  solution  was  transferred 
into  a  teflon-lined  stainless-steel  autoclave  (50  mL  in  volume) 
and  heated  at  140  °C  for  12  h  in  a  box  oven,  and  then  cooled 
naturally  to  the  room  temperature.  The  product  was  collected  by 
centrifugal  filtration,  washed  with  distilled  water  and  absolute 
ethanol  several  times,  and  next  dried  at  60  °C  for  12  h  in  a 
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Fig.  1.  XRD  patterns  of  NiCo204  materials  without  (a)  and  with  (b)  SDS. 

vacuum  oven,  afterward  ground  finely  using  a  mechanical 
grinder,  and  finally  calcined  at  300  °C  for  3  h  in  air  atmosphere  at 
a  heating  rate  of  1  °C  min-1  in  a  muffle  stove  to  obtain  the  ul¬ 
timate  NiCo204  materials.  For  comparison,  the  NiCo204  materials 
without  SDS  addition  were  also  prepared  through  the  same 
procedure. 

2.2.  Materials  characterizations 

X-ray  diffraction  (XRD)  patterns  were  recorded  on  a  Rigaku- 
Dmax  2500  diffractometer  equipped  with  graphite  mono- 
chromatized  Cu  Ka  radiation  source  (A  =  1.5406  A)  at  a  scanning 
speed  of  4°  min-1  in  the  26  range  of  10  -80°.  Scanning  electron 
microscopy  (SEM)  images  and  energy-dispersive  X-ray  spectra 
(EDS)  were  observed  using  a  Philips  XL  30  and  JEOL  JSM-6700F 
microscope.  Transmission  electron  microscopy  (TEM)  images 
were  carried  out  with  Hitachi  model  H-8100  operating  at  200  kV 
accelerating  voltage.  X-ray  photoelectron  spectra  (XPS)  were 
measured  by  using  an  ESCALAB-MKII  spectrometer  (UK)  with  Al  Ka 
radiation  (1486.6  eV),  and  the  raw  spectra  were  curve-fitted  by 
non-linear  least  squares  fittings  with  a  Gauss-Lorentz  ratio  (80:20) 
through  the  XPSPEAK41  software.  Nitrogen  sorption  measure¬ 
ments  were  determined  at  77  K  using  a  Micromeritics  ASAP  2020 
Analyzer,  prior  to  analysis,  the  samples  were  degassed  under  vac¬ 
uum  at  120  °C  for  24  h,  the  specific  surface  area  (SSA)  was  calcu¬ 
lated  using  the  multipoint  Brunauer— Emmett-Teller  (BET) 
method,  the  pore  size  distribution  (PSD)  and  pore  volume  data 
were  calculated  from  the  desorption  branches  based  on  the  Bar- 
rett-Joyner-Halenda  (BJH)  equation. 

2.3.  Electrode  fabrication  and  electrochemical  measurements 

The  NiCo204  electrodes  were  fabricated  by  pressing  the  mixture 
of  66.7  wt%  active  materials  (as-synthesized  NiQ^CU)  and  33.3  wt% 
conductive  binder  (teflonized  acetylene  black,  TAB,  the  mass  ratio 
of  AB  and  PTFF  is  2:1)  onto  the  stainless  steel  mesh  current  col¬ 
lector.  The  mass  loading  of  active  materials  was  about  6  mg  cm-2. 

The  electrocatalytic  performances  of  NiCo204  electrodes  were 
examined  by  cyclic  voltammetry  (CV),  linear  sweep  voltammetry 
(LSV),  chronoamperometry  (CA)  and  electrochemical  impedance 
spectroscopy  (EIS)  tests  in  a  conventional  three-electrode  cell 
containing  a  NiCo204  working  electrode  (WE),  a  platinum  plate 
(3  cm  x  4  cm)  counter  electrode  (CE),  and  a  Hg/HgO  (1  M  KOH, 
aqueous)  reference  electrode  (RE).  EIS  experiments  were  taken 
under  open  circuit  voltage  (OCV)  with  the  alternating  current  (ac) 
amplitude  of  5  mV  over  frequency  range  of  100  KHz— 10  mHz.  The 
electrolytes  for  MOR  tests  were  1  M  KOH  with  different 


R.  Ding  et  al.  /  Journal  of  Power  Sources  251  (2014)  287-295 


289 


concentrations  of  CH3OH  (03-0.9  M).  All  the  tests  were  carried  out 
at  room  temperature  (about  25  °C). 

3.  Results  and  discussion 

3.1.  Physicochemical  properties  of  the  MC02O4  materials 

Fig.  1  shows  the  XRD  patterns  of  as-synthesized  NiCo204  ma¬ 
terials.  Their  resultant  diffraction  peaks  corroborate  with  the 
standard  patterns  for  cubic  spinel  NiCo204  crystalline  phase  (JCPDS 
No.  20-0781).  The  largely  sharp  and  narrow  diffraction  lines  of  both 
samples  illustrate  their  good  crystallinity,  which  can  be  attributable 
to  the  unique  hydrothermal  environments  for  crystal  growth.  Note 
that  the  particles  with  SDS  possess  a  lightly  higher  crystallinity  due 
to  their  better  defined  peaks  and  this  can  be  easily  judged  from 
(220)  and  (440)  crystal  planes,  which  can  be  also  verified  by  their 
TEM  observations  discussed  later.  The  lattice  parameter  (a0)  values 
for  the  cubic  lattice  NiCo204  unit  cell  of  both  samples,  determined 
from  the  observed  d-spacing  for  crystal  plane  (311)  at  26  value  of 
36.8°  by  using  Eqs.  (1)  and  (2),  are  calculated  to  be  0.8104  nm, 
which  is  close  to  the  standard  value  of  0.8110  nm  for  NiCo204 
(JCPDS  No.  20-0781),  indicating  the  successful  incorporation  of  Ni 
into  the  lattice  of  C03O4. 

a0  =  d(h2  +  k2  +  l2f  (1) 

2d  sin  d  =  X  (2) 

where  A  is  the  wavelength  of  X-ray  radiation  (1.5406  A),  6  is  the 
Bragg  angle  of  diffraction,  d  is  observed  space  for  crystal  plane 
(311),  h,  k,  l  are  the  Miller  indices. 

The  SEM  images  and  EDS  patterns  of  as-synthesized  NiCo204 
materials  are  depicted  in  Fig.  2.  The  observed  NiCo204  particles 
exhibit  a  typical  hexagonal  morphology  with  most  of  particle  size 
locating  in  the  range  of  100-200  nm  for  the  one  without  SDS  and 
50-150  nm  for  the  one  with  SDS,  showing  a  good  nanoscale  crys¬ 
talline  morphology,  which  corresponds  well  with  their  XRD  results. 
In  addition,  both  materials  display  a  loosely  stacked  porous  struc¬ 
ture,  and  this  can  facilitate  the  ion/electron  transportation  process 
at  and  within  the  electrode/electrolyte  interface,  which  is  a  very 
important  factor  for  boost  of  electrochemical  kinetics  and  catalytic 
activity  of  the  catalysts.  The  EDS  tests  were  also  conducted 
accompanying  with  the  SEM  observations  to  monitor  their 


chemical  compositions  and  the  results  are  listed  in  Fig.  2c  and  f.  It 
demonstrates  that  both  NiCo204  materials  exhibit  the  intrinsic  O, 
Co  and  Ni  elements.  Herein,  the  signals  of  Si  element  originated 
from  the  silicon  plate  as  support  during  the  measurement,  and  Au 
was  used  in  order  to  enhance  the  surface  conductivity  of  the  ma¬ 
terials  for  the  analysis  and  is  also  visible  in  the  EDS  patterns. 

The  surface  morphology  and  crystalline  structure  of  as- 
synthesized  NiCo204  materials  were  also  investigated  by  TEM 
measurements  which  are  shown  in  Fig.  3.  The  particles  without  SDS 
(Fig.  3a  and  b)  present  a  typical  hexagonal  image  with  a  stacked 
structure.  Moreover,  the  particles  in  size  ranges  of  100—150  nm 
were  easily  observed  and  the  edge  thickness  of  the  particles  is 
estimated  to  be  20  nm.  The  particles  with  SDS  (Fig.  3d  and  e)  exhibit 
a  similar  image  to  the  one  without  SDS,  but  the  size  is  much  smaller 
and  only  the  ones  in  size  of  less  than  100  nm  are  observed  in  the 
scope  of  detecting  region,  furthermore,  it  is  difficult  to  discern  their 
exact  edge  size,  indicating  the  particles  with  SDS  tend  to  be  a 
thinner  image,  which  may  be  due  to  the  enclosure  function  of 
micelles  formed  by  SDS  template  in  the  synthesis  that  can  prohibit 
the  growth  of  the  ultimate  NiCo204  particles.  The  selected  area 
electron  diffraction  (SAED)  patterns  (Fig.  3c  and  f)  display  the 
typical  diffraction  rings  for  crystal  planes  of  spinel  NiCo204  (JCPDS 
20-0781),  indicating  the  polycrystalline  characteristics  of  the 
NiCo204  nanoparticles.  Moreover,  the  more  obviously  monocrystal¬ 
like  diffraction  spots  of  the  sample  with  SDS  illustrate  its  higher 
crystallinity,  which  is  well  accordance  with  the  XRD  results. 

Nitrogen  sorption  measurements  are  carried  out  to  further 
study  the  surface  physical  structures  (SSA,  pore  volume,  average 
pore  size  and  PSD)  of  as-synthesized  NiCo204  materials.  Typical 
nitrogen  adsorption— desorption  isotherms,  pore  volume  and  PSD 
plots  are  shown  in  Fig.  4a-c  respectively.  Their  nitrogen  sorption 
isotherms  exhibit  type  IV  isotherms  with  H3  hysteresis  loops,  a 
characteristic  of  mesoporous  materials.  However,  the  hysteresis 
loop  of  the  materials  without  SDS  is  extremely  small  and  almost  no 
plateau  appears  in  the  desorption  branch,  indicating  the  existence 
of  large  macropores  38].  The  SSA,  total  pore  volume,  mesopore 
volume  and  average  pore  diameter  of  the  SDS-assisted  NiCo204 
materials  are  88.63  m2  g-1,  0.337  cm3  g”1,  0.298  cm3  g  A  and 
18.8  nm  respectively  in  comparison  with  88.94  m2  g-1, 
0.928  cm3  g-1,  0.195  cm3  g-1  and  41  nm  for  the  one  without  SDS 
(Table  1).  Moreover,  the  pore  size  plots  of  the  former  exhibit  a 
bimodal  distribution  at  7.8  and  17.5  nm  compared  to  a  trimodal 
distribution  at  2.5,  5.6  and  31  nm  of  the  latter  (Table  1),  indicating 
the  superior  mesoporous  nanostructures  of  the  SDS-assisted 


Fig.  2.  SEM  images  and  EDS  patterns  of  NiCo204  materials  without  (a-c)  and  with  (d-e)  SDS. 
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Fig.  3.  TEM  images  of  NiCo204  materials  without  (a,  b)  and  with  (d,  e)  SDS  and  SAED  patterns  of  NiCo204  materials  without  (c)  and  with  (f)  SDS. 


NiCo204  materials.  Note  that  such  superior  mesoporous  structures 
can  ensure  the  penetration  of  electrolytes  into  the  whole  oxide 
matrix  more  facilely,  which  can  further  overcome  the  primary  ki¬ 
netic  limits  of  electrochemical  processes  and  therefore  facilitate  the 
electrochemical  reactions  [39,40].  It  is  also  noted  that  templated 
mesoporous  oxides  possess  accessible  and  uniform  pores  and  much 
higher  surface  area  and  pore  volume  than  conventional  oxides, 
which  make  them  attractive  materials  for  adsorption  and  catalysis 
processes,  especially  those  involving  larger  molecules  [41  ]. 
Accordingly,  the  superior  surface  physical  structures  of  the  SDS- 
assistant  NiCo204  materials  are  of  large  benefit  for  MOR. 

The  surface  chemical  properties  (chemical  bonding  states  and 
compositions)  of  as-synthesized  NiCo204  materials  were  evaluated 
by  XPS  which  are  shown  in  Fig.  5.  Typical  signals  of  Ois,  Co2p  and 
Ni2p  core  levels  are  detected  from  the  XPS.  Of  which,  the  Ois  spectra 
show  four  oxygen  bonds  (01-04)  at  528.9,  530.0,  531.6,  533.0  eV 
(without  SDS)  and  529.2,  530.3,  531.4,  532.8  eV  (with  SDS),  asso¬ 
ciating  with  the  typical  of  metal-oxygen  bonds  [42],  the  oxygen  in 
hydroxyl  groups  [43],  the  high  number  of  defect  sites  with  low 


Relative  Pressure  /  (P/PQ) 

Fig.  4.  Nitrogen  adsorption/desorption  isotherms  (a),  pore  volume  plots  (b)  and  pore 
size  distribution  plots  (c)  of  both  NiCo204  materials. 


oxygen  coordination  in  the  material  with  small  particle  size  [44], 
and  the  multiplicity  of  physi-/chemisorbed  water  at  and  within  the 
surface  [42],  respectively.  The  Co2p  spectra  of  both  samples  consist 
of  two  spin-orbit  doublets  characteristics  of  Co2+  and  Co3+  bonds 
and  two  shakeup  satellites  (identified  as  “Sat.”).  Similarly,  the  Ni2p 
spectra  of  both  samples  are  composed  of  two  spin-orbit  doublets 
characteristics  of  Ni2+  and  Ni3+  bonds  and  two  shakeup  satellites. 
These  results  show  that  the  surfaces  of  both  NiCo204  materials  have 
chemical  compositions  containing  Co2+,  Co3+,  Ni2+  and  Ni3+  spe¬ 
cies.  Therefore,  the  formula  of  NiCo204  can  be  generally  expressed 
as  follows:  Co2+i_xCo3+x[Co3+Ni2+xNi3+i_x]04  (0  <  x  <  1)  (the 
cations  within  the  square  bracket  are  in  octahedral  sites  and  the 
outside  ones  occupy  the  tetrahedral  sites)  [45].  Therefore,  it  is 
anticipated  that  the  binary  solid  state  redox  couples  Co3+/Co2+  and 
Ni3+/Ni2+  in  the  NiCo204  structures  can  afford  rich  electroactive 
sites  for  CH3OH  electrooxidation,  which  may  be  one  of  the  impor¬ 
tant  factors  contributing  to  the  notable  electrocatalytic  perfor¬ 
mance  of  spinel  NiCo204  materials  [46]. 

The  quantitative  information  for  surface  Co  and  Ni  active  species 
of  both  NiCo204  materials  were  also  evaluated  based  on  the  XPS, 
and  the  results  are  shown  in  Table  2.  It  shows  that  the  SDS-assisted 
NiCo204  materials  exhibit  much  higher  (1.79  and  2.74  times 
respectively)  surface  intensities  of  Co  and  Ni  species  than  those  of 
the  counterparts  without  SDS,  but  their  surface  Co/Ni  ratio  (1.08)  is 
comparatively  lower  than  that  (1.65)  of  the  one  without  SDS.  Here, 
their  differences  in  the  surface  chemical  properties  will  largely 
influence  their  electrocatalytic  performances,  i.e.  the  higher  surface 


Table  1 

Nitrogen  sorption  data  of  both  NiCo204  materials. 


NiCo204 

Sbet3 

Wb 

^meso 

Lod 

PSDe 

materials 

(m2  g"1) 

(cm3  g-1) 

(cm3  g-1) 

(nm) 

(nm) 

Without  SDS 

88.94 

0.928 

0.195 

41 

2.5,  5.6,  31 

With  SDS 

86.63 

0.337 

0.298 

18.8 

7.8,  17.5 

a  BET  surface  area  (m2  g-1). 
b  Total  pore  volume  (cm3  g-1). 
c  Mesopore  volume  (cm3  g-1). 
d  Average  pore  diameter  (nm). 
e  Pore  size  distribution  (nm). 
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Fig.  5.  XPS  profiles  (0is,  Co2p  and  Ni2p  core  levels)  of  NiCo204  materials  without  (a) 
and  with  (b)  SDS. 

content  of  Co  and  Ni  species  will  contribute  to  the  more  electro¬ 
active  sites,  whereas  the  higher  extent  surface  non-stoichiometry 
(lattice  defect  sites)  of  Co/Ni  ratio  may  cause  the  inferior  struc¬ 
tural  stability. 

Based  on  the  above  investigations,  one  can  see  that  the  SDS  soft 
template  plays  a  dominant  role  in  the  hydrothermal  synthesis  of 
mesoporous  NiCo204  nanomaterials  and  it  highly  affects  their 
physicochemical  properties.  Firstly,  the  SDS  can  promote  the  for¬ 
mation  of  superior  mesoporous  nanostructures.  The  SDS  (chemical 
formula:  Ci2FI25S04-Na+)  is  a  typical  anionic  surfactant,  which  can 
act  as  the  structure-directing  agent  in  the  fabrication  of  meso¬ 
porous  NiCo204  nanoparticles  through  interface  self-assembly 
processes  via  a  quasi-reverse  micelle  mechanism  (Scheme  SI, 
Supporting  information).  Secondly,  the  SDS  can  effectively 
restrain  the  growth  of  ultimate  NiCo204  crystals  because  of  the 
enclosure  of  micelles  during  the  hydrothermal  process  formed  by 
the  SDS  template,  resulting  in  the  smaller  and  thinner  particle  size, 
and  this  may  comparatively  enhance  the  surface  intensities  of  el¬ 
ements  versus  those  in  the  bulk.  Thirdly,  the  surroundings  of  the 
micelles  tend  to  be  more  beneficial  to  the  formation  monocrystal¬ 
like  structures,  leading  to  the  higher  crystallinity  of  NiCo204 
particles. 

3.2.  CH3OH  electrooxidation  behavior  of  the  NiCo204  electrode 

The  methanol  electrooxidation  behavior  on  the  SDS-assisted 
NiCo204  electrode  was  examined  by  CV,  LSV,  CA  and  EIS  tests, 
and  the  NiCo204  electrode  without  SDS  was  also  tested  for  com¬ 
parison.  Fig.  6a  shows  the  CV  plots  of  these  two  electrodes  in  1  M 
KOH  blank  electrolytes  at  a  scan  rate  of  10  mV  s-1.  As  shown  in  the 
figure,  both  NiCo204  electrodes  present  one  pair  of  redox  peaks 
centering  at  about  0.51  V/ 0.25  V,  which  originates  from  the  overall 


charge  transfer  processes  of  solid  state  redox  couples  Co3+/Co2+ 
(C0OOH/C03O4)  and  Ni3+/Ni2+  (NiOOH/NiO)  [47,48],  nicely 
reflecting  the  richer  redox  chemistry  feature  of  spinel  NiCo204, 
which  may  supply  sufficient  electroactive  centers  for  methanol 
electrooxidation.  Note  that  the  SDS-assisted  NiCo204  electrode 
exhibits  much  stronger  redox  peaks  (A,  C)  than  those  (A',  C)  of  the 
one  without  SDS,  suggesting  much  higher  electrochemical  activity. 
Fig.  6b  depicts  the  CV  plots  of  these  two  electrodes  in  1  M  KOFI  with 
0.5  M  CFI3OFI  electrolytes  at  a  scan  rate  of  10  mV  s-1.  As  can  be  seen 
in  the  figure,  a  much  higher  anodic  current  is  observed  on  the  SDS- 
assisted  NiCo204  electrode  compared  to  the  current  without  SDS, 
indicating  much  higher  catalytic  activity  for  CFI3OH  electro¬ 
oxidation.  The  corresponding  catalytic  mechanism  on  the  NiCo204 
electrode,  which  is  supposed  to  be  similar  to  that  on  the  NiO  and 
C03O4  electrodes,  can  be  briefly  described  as  follows  [  18,49,50] : 

NiCo204+OH-+H20  -  3e-  — ►NiOOFI  +  2CoOOH  (3) 

NiOOH  +  CH3OH  +  1.2502  — Ni(0H)2+C02-F  1.5H20  (4) 

2CoOOH  +  2CH3OH  +  2.502  — >2Co(OH)2+  2C02+  3H20 

(5) 

Current  density  is  one  of  the  important  parameters  for  evalu¬ 
ating  the  catalysts.  As  shown  in  Fig.  6b,  the  maximum  current 
density  can  reach  125  mA  cm-2  at  0.6  V  (vs.  FIg/FIgO)  for  the  SDS- 
assisted  NiCo204  electrode,  comparing  with  93  mA  cm-2  for  the 
one  without  SDS,  which  mainly  originated  from  higher  surface 
content  of  Co  and  Ni  active  species  and  better  mesoporous  nano¬ 
structures  of  the  SDS-assisted  NiCo204  materials.  The  onset  po¬ 
tential  is  another  important  parameter  for  catalysts.  From  Fig.  6c 
and  d,  one  can  see  that  the  onset  potentials  for  methanol  oxidation 
on  the  NiCo204  electrodes  are  all  around  0.37  V,  simiar  to  the 
starting  potential  for  the  co-transition  of  Ni  and  Co  redox  reactions, 
which  is  much  lower  than  that  for  the  reported  C03O4  electrodes 
(0.49-0.57  V)  [21,34,35  and  NiO  electrodes  (0.49-0.5  V)  [34,35], 
demonstrating  the  notable  synergistic  function  of  Co  and  Ni  species 
for  the  boost  of  catalytic  activity  towards  methanol 
electrooxidation. 

Remarkably,  the  catalytic  activity  of  as-synthesized  NiCo204 
electrodes  is  superior  to  many  reported  Pt-free  electrocatalysts  for 
methanol  electrooxidation  in  alkaline  media  (Table  SI,  Supporting 
information).  For  example,  the  NiCo204  electrode  with  SDS  is  bet¬ 
ter  than  C03O4  [21,34,35],  NiO  [18,34,35  ,  NiO/CNTs  composites 
[19],  nickel  foam  supported  porous  Co304/NiO  core/shell  nanowire 
array  electrode  [21]  as  well  as  NiCo204  electrodes  [33-35]. 

Flerein,  the  maximum  activity  for  MOR  in  alkaline  media  as  for 
the  state-of-art  low-Pt  and  Pt-free  catalysts  was  also  examined  and 
compared  with  the  values  in  acidic  condition.  As  can  be  seen  from 
Table  S2  and  Fig.  SI,  the  characterized  low-Pt  catalysts  can  be 
classified  into  three  distinct  regions  with  the  boundaries  of 
0.25  mA  pg-1  Pt,  1  mA  pg-1  Pt  and  10  mA  pg-1  Pt.  It  is  demonstrated 
that  most  of  the  examined  electrocatalysts  [51,52]  present  inter¬ 
mediate  electrocatalytic  activity  (0.25-1  mA  pg-1  Pt),  while  a  few 
catalysts  [53,54]  present  lower  activity  (<0.25  mA  pg-1  Pt).  Also, 
only  a  few  catalysts  [52]  exhibit  a  higher  activity  (1-10  mA  pg-1  Pt). 
The  above  phenomenon  is  rather  similar  to  that  in  the  acidic  media 
for  MOR,  but  the  maximum  activity  in  alkaline  media  as  for  the 
low-Pt  catalysts  seems  to  be  smaller  than  that  in  acidic  media.  For 
example,  the  characterized  Pt2AuiSni/CNT  catalyst  exhibited  the 
largest  value  of  1.7  mA  pg-1  Pt  at  0.2  V  (vs.  FIg/FIgO),  which  is  much 
lower  than  that  of  the  highest  core-shell  CdSe@Pt  nanocomposites 
(7.13  mA  pg-1  Pt  at  0.8  V  vs.  FIg/FIgO)  in  acidic  media  [55].  Based  on 
the  Table  S3  and  Fig.  S2,  one  can  see  that  most  of  the  characterized 
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Table  2 

XPS  quantitative  data  for  surface  Co  and  Ni  elements  of  both  NiCo204  materials. 
Intensity  ratio  (with  SDS/without  SDS)  Atomic  ratio  (Co2p/Ni2p) 

Co2p  Ni2p  Without  SDS  With  SDS 

1.79  2.74  1.65  1.08 


Pt-free  catalysts  exhibited  a  high  activity  in  the  alkaline  media, 
which  is  different  from  the  reported  phenomenon  in  the  acidic 
media  that  usually  displayed  a  small  activity  [56].  Herein,  the 
maximum  current  density  of  examined  Pt-free  catalysts  in  alkaline 
medium  is  ascribed  to  NiCu/GC  electrode  [57],  which  exhibits  the 
peak  current  density  of  300  mA  cm-2  at  0.7  V  vs.  Hg/HgO  in  1  M 
KOH  and  0.7  M  CH3OH  solutions.  The  value  is  far  bigger  than  the 
reported  Pd/TiO*  nanotube  with  20  mA  cm-2  at  0.7  V  vs.  SCE  in  1  M 
H2S04  and  1  M  CH3OH  solutions  [58]. 

The  influence  of  CH3OH  concentration  on  the  efficiency  of  the 
NiCo204  electrocatalysts  towards  MOR  was  investigated  by  the 
steady-state  polarization  method.  Fig.  7  depicts  the  measured  po¬ 
larization  curves  in  1  M  KOH  and  x  M  CH3OH  solutions  with  x  from 
0.3  to  0.9  at  a  scan  rate  of  1  mV  s-1.  Obviously,  higher  CH3OH  con¬ 
centration  produced  larger  MOR  current  density.  For  the  NiCo204 
without  SDS,  the  current  density  at  0.6  V  increased  from  60  to 
86  mA  cm-2  when  the  CH3OH  concentration  increased  from  0.3  to 
0.9  M.  The  NiCo204  with  SDS  shows  a  smaller  current  increment 
along  with  the  climbing  of  CH3OH  concentration,  exhibiting  the 
value  from  95  to  114  mA  cm-2.  The  relationship  between  log  j  at 
0.6  V  and  log  CcmoH  for  the  NiCo204  without  and  with  SDS  was 
plotted  in  the  insets  of  Fig.  7a  and  b  respectively.  As  can  be  seen  from 
these  figures,  a  close  linear  relationship  was  observed.  The  slope  of 
the  plots,  which  is  defined  as  the  reaction  order  (P)  of  the  MOR  with 
respect  to  CH3OH,  was  found  to  be  0.33  and  0.17  for  the  NiCo204 
without  and  with  SDS  respectively,  which  might  be  highly  related 
with  their  different  surface  physicochemical  properties. 


The  stability  of  catalysts  is  also  an  important  factor  for  being 
evaluated.  Fig.  8a  depicts  the  CA  tests  of  these  two  electrodes  at 
0.6  V  (vs.  Hg/HgO)  for  consecutive  1000  s,  it  shows  that  the  SDS- 
assisted  NiCo204  electrode  possesses  72%  current  retention, 
which  is  lightly  lower  than  the  one  without  SDS  (75%).  The  sta¬ 
bility  of  both  NiCo204  electrodes  was  also  examined  by  CV  cycling 
tests.  As  shown  in  Fig.  8b,  the  current  density  for  the  SDS-assisted 
NiCo204  electrode  at  0.6  V  (vs.  Hg/HgO)  exhibits  71%  retention 
after  1000  cycles  at  30  mV  s-1,  comparing  with  73%  retention  for 
the  one  without  SDS,  which  corresponds  well  with  the  CA  tests. 
Here,  the  lightly  inferior  cycling  stability  of  the  SDS-assisted 
NiCo204  electrode  may  be  due  to  the  higher  extent  surface  non¬ 
stoichiometry  (lattice  defect)  of  Co/Ni  ratio  in  the  materials, 
which  may  be  responsible  for  the  lightly  lower  structural  stability. 

Herein,  the  methanol  electrooxidation  performance  of  the 
NiCo204  electrode  (with  SDS)  was  also  compared  with  that  of 
commercial  Pt/C  catalyst  (Fig.  S3,  Supporting  information).  It  shows 
that  the  onset  potential  and  peak  current  density  of  the  Pt/C  cata¬ 
lyst  are  about  -0.4  V  (vs.  Hg/HgO)  and  306  mA  cm-2  (at  0.14  V), 
which  are  superior  to  those  (0.37  V;  125  mA  cm-2  at  0.6  V)  of 
NiCo204  electrode  with  SDS.  This  is  a  common  phenomenon  in  all 
metal  oxides/hydroxides  catalysts  for  alkaline  DMFCs  [21  ].  So  there 
is  still  large  scope  for  improvement  of  the  electrocatalytic  perfor¬ 
mance  of  metal  oxides  based  electrocatalysts  for  methanol  elec¬ 
trooxidation.  However,  the  Pt/C  catalyst  exhibited  relatively  worse 
electrochemical  stability  (52.8%  current  retention  after  600  s)  for 
MOR  compared  with  the  NiCo204  electrode  with  SDS  (72.3% 
retention).  Moreover,  a  serious  current  decay  (from  246  to 
138  mA  cm-2)  is  observed  for  the  Pt/C  catalyst  in  the  first  20  s, 
whereas  the  NiCo204  electrode  exhibited  a  smaller  decay  (from  137 
to  115  mA  cnrT2)  during  the  first  20  s,  indicating  the  superior  anti¬ 
poison  characteristics  of  the  NiCo204  electrode.  Based  on  the  above 
analysis,  a  combination  of  Pt/C  and  NiCo204  components,  i.e.  the 
development  of  NiCo204-Pt/C  composite  catalysts,  may  be  an 
effective  way  to  simultaneously  achieve  the  low  overpotential,  high 


Potential  /  V  vs.  Hg/HgO  Potential  /  V  vs.  Hg/HgO 


Potential  /  V  vs.  Hg/HgO  Potential  /  V  vs.  Hg/HgO 

Fig.  6.  CV  plots  at  10  mV  s-1  in  1  M  KOH  electrolytes  (a)  and  CV  plots  at  10  mV  s-1  in  1  M  KOH  electrolytes  with  0.5  M  CH3OH  (b)  of  both  NiCo204  electrodes;  CV  plots  at  10  mV  s-1 
in  1  M  KOH  electrolytes  in  absence  and  presence  of  0.5  M  CH3OH  for  the  NiCo204  electrode  without  (c)  and  with  (d)  SDS. 
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Fig.  7.  Steady-state  polarization  curves  for  the  MOR  on  NiCo204  electrodes  without  SDS  (a)  and  with  SDS  (b)  at  different  concentrations  of  CH3OH  at  a  scan  rate  of  1  mV  s  1  (Insets 
show  the  plots  of  log  j  versus  log  CCh3oh)- 


Fig.  8.  CA  curves  at  0.6  V  in  1  M  KOH  with  0.5  M  CH3OH  electrolytes  (a)  and  CV  plots  for 
of  both  NiCo204  electrodes. 


Potential  /  V  vs.  Hg/HgO 

first  and  the  1000th  cycles  at  30  mV  s-1  in  1  M  KOH  electrolytes  with  0.5  M  CH3OH  (b) 


current  density,  desirable  electrochemical  stability  and  superior 
anti-poison  property  for  MOR. 

The  conductivity  of  both  NiCo204  electrodes  were  also  exam¬ 
ined  using  EIS  technique  measured  both  at  a  fixed  frequency  of 
100,000  Hz  and  in  the  frequency  region  of  100,000  Hz-0.01  Hz,  and 
the  results  are  shown  in  Fig.  9a  and  b.  As  can  be  seen  that,  the 
NiCo204  electrode  with  SDS  shows  approximately  5  times  higher 
conductivity  (0.035  S  cm-1)  than  the  one  without  SDS 
(0.0074  S  cm-1),  and  this  might  be  owing  to  the  higher  extent 
surface  non-stoichiometry  (i.e.  lattice  defect  sites)  of  Co/Ni  ratio  in 
the  NiCo204  lattice  that  makes  the  electron  hopping  process  more 
easily  [59,60],  which  may  largely  accelerate  the  interfacial  electron 
transportation  process  for  methanol  catalytic  reactions. 

Since  the  charge  transfer  resistance  (Rct)  and  the  knee  frequency 
(/knee)  are  very  important  parameters  for  evaluating  the 


electrocatalytic  activity  of  a  catalyst,  and  thus  EIS  tests  for  both 
NiCo204  electrodes  were  all  recorded  in  1  M  KOH  blank  and  0.5  M 
CH3OH  electrolytes.  The  Nyquist  plots  and  admittance  plots  of 
experimental  and  fitting  data  are  shown  in  Fig.  10a— d.  The  higher 
and  lower  frequency  regions  of  the  measured  impedance  spectra 
are  just  divided  by  the  “knee”  or  “onset”  frequency  (/knee),  the 
charge  saturation  point  of  the  electrode,  which  describes  the  lower 
limit  of  the  high  frequency  region  (charge  transfer  process)  and  is  a 
measure  of  the  electrochemical  response  of  the  electrode.  The 
measured  impedance  spectra  were  simulated  on  the  basis  of  the 
proposed  equivalent  circuits,  which  are  given  in  the  insets  of 
Fig.  10a  and  c.  These  model  circuits  consist  of  six  elements:  the 
inductance  (L),  the  equivalent  series  resistance  or  the  ohmic 
resistance  (Re).  the  constant  phase  element  (CPE)  (Q),  the  charge- 
transfer  resistance  (Rct).  the  Warburg  impedance  (W),  and  the 
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Fig.  9.  Conductivity  profiles  as  function  of  time  at  a  fixed  frequency  of  100,000  Hz  (a)  and  the  plots  of  conductivity  against  frequency  (b)  of  both  NiCo204  electrodes. 
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Fig.  10.  Nyquist  plots  (a)  and  admittance  plots  (b)  in  1  M  KOH  electrolytes,  and  Nyquist  plots  (c)  and  admittance  plots  (d)  in  1  M  KOH  electrolytes  with  0.5  M  CH3OH  of  both  NiCo204 
electrodes  (Inset  shows  the  enlarged  parts  in  the  high  frequency  regions  and  fitting  models,  hollow  symbols  and  solid  lines  represent  the  experimental  and  fitting  data  respectively). 


limit  capacitance  (Q)  [61].  The  CPE  (Q)  is  used  in  place  of  double¬ 
layer  capacitance  (Cdi)  at  the  electrode/electrolyte  boundary,  indi¬ 
cating  the  deviation  from  the  ideal  behavior  of  a  perfect  capacitor. 
The  impedance  of  CPE  is  defined  as  the  following  equation  62]: 

2cpe  =  [(yojw)T1  (6) 

where  Yo  is  the  frequency-independent  constant  relating  to  the 
surface  electroactive  properties,  w  is  the  radial  frequency,  the 
exponent  n  arises  from  the  slope  of  log  Z  vs.  log  /  and  has 
values  -1  <  n  <  1.  If  n  =  0,  the  CPE  behaves  as  a  pure  resistor;  n  =  1, 
CPE  behaves  as  a  pure  capacitor,  n  =  -1,  CPE  behaves  as  an 
inductor;  while  n  =  0.5  corresponds  to  Warburg  impedance  which 
is  associated  with  the  domain  of  mass  transport  control  arising 
from  the  diffusion  of  ions  to  and  from  the  electrode/electrolytes 
interface. 

The  fitted  values  of  impedimetric  parameters  are  presented  in 
Table  3.  As  can  be  seen  in  the  table,  in  the  absence  of  CH3OH,  the 
SDS-assisted  NiCo204  electrode  exhibits  smaller  Rct  and  larger  /knee 
values  (0.46  Q  cm2,  57.4  Hz)  compared  with  those  (0.72  Q  cm2, 
37.6  Hz)  of  the  NiCo204  electrode  without  SDS,  demonstrating  the 
faster  charge  transfer  rate  and  better  electrochemical  response  of 
the  SDS-assisted  NiCc^CH  electrode  which  would  be  contributable 
to  the  higher  catalytic  activity  towards  methanol  electrooxidation. 
In  the  presence  of  CH3OH,  the  SDS-assisted  NiCo204  electrode  still 


exhibits  smaller  Rct  and  larger  /knee  values  (0.49  O  cm2,  46.5  Hz) 
compared  with  those  (0.80  Q  cm2, 31.5  Hz)  for  the  one  without  SDS, 
indicating  the  higher  catalytic  activity  towards  methanol  electro¬ 
oxidation.  Note  that,  before  and  after  addition  of  CH3OH,  the  Rct 
and  /i<nee  values  of  both  NiCo204  electrodes  only  slightly  changed, 
demonstrating  that  the  binary  spinel  NiCo204  electrode  has  a  high 
tolerance  to  intermediate  poisoning,  which  is  superior  to  the  re¬ 
ported  C03O4  and  NiO  electrodes  that  may  be  poisoned  by  the 
adsorption  of  methanol  or  the  oxidation  intermediates  on  the 
electrode  [34,35].  In  all,  the  above  results  well  demonstrate  the 
superiority  of  the  SDS-assisted  NiCo204  electrode  in  the  catalysis  of 
methanol  electrooxidation. 

Steady-state  polarization  curves  of  methanol  electrooxidation 
on  both  NiCo204  electrodes  were  measured  to  further  evaluate 
their  catalytic  activity.  Fig.  11  shows  the  LSV  curves  and  corre¬ 
sponding  Tafel  plots  (inset).  The  polarization  curves  were  recorded 
in  1  M  KOH  and  0.5  M  CH3OH  electrolytes  at  a  scan  rate  of  1  mV  s-1. 
It  can  be  seen  that  the  NiCo204  electrode  with  SDS  exhibits  an 
obviously  higher  MOR  catalytic  performance  with  a  current  density 
of  104  mA  cm-2  at  0.6  V  compared  with  the  value  of  69  mA  cm-2  for 
the  NiCo204  electrode  without  SDS.  Tafel  plots  in  strong  polariza¬ 
tion  regions  (0.35-0.45  V)  were  used  to  obtain  Tafel  slopes  (b)  and 
exchange  current  densities  (j° )  of  both  electrodes.  As  can  be  found 
that,  the  Tafel  slope  and  exchange  current  density  for  the  NiCo204 
electrode  with  SDS  are  around  103  mV  dec-1  and  8.9  x  10-6  A  cm-2 
in  comparison  with  138  mV  dec-1  and  7.1  x  10-6  A  cm-2  for  the  one 


Table  3 

The  fitting  values  of  impedimetric  parameters  for  both  NiCo204  electrodes  in  1  M  KOH  electrolytes  in  absence  and  presence  of  0.5  M  CH3OH. 


Impedimetric  parameters 

I  (H  cm2) 

Re  (fi  cm2) 

Q.1,  Yo  (O-1  sn  cm"2) 

Rct  (Q  cm2) 

W,  Y0  (CT1  s0-5  cm-2) 

02,  Y0  (Q 1  sn  cm"2) 

nl 

n2 

/knee  (Hz) 

X2(E-3) 

A-without  SDS 

7.2E-8 

0.38 

1.5E-3 

0.72 

1.10 

0.11 

0.82 

0.90 

37.6 

1.36 

P-without  SDS 

5.2E-8 

0.26 

4.9E-3 

0.80 

0.33 

0.16 

0.75 

0.94 

31.5 

1.43 

A-with  SDS 

6.4E-8 

0.23 

1.8E-3 

0.46 

0.39 

0.22 

0.86 

0.87 

57.4 

0.78 

P-with  SDS 

6.9E-8 

0.17 

1.2E-3 

0.49 

0.12 

0.30 

0.98 

0.98 

46.5 

0.62 

Note:  The  symbols  “A”  and  “P”  represent  the  1  M  KOH  electrolytes  in  absence  and  presence  of  0.5  M  CH3OH  respectively. 
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Potential  /  V  vs.  Hg/HgO 

Fig.  11.  Steady-state  polarization  curves  for  the  MOR  on  both  NiCo204  electrodes  in 
1  M  KOH  and  0.5  M  CH3OH  electrolytes  at  a  scan  rate  of  1  mV  s-1  (Insets  show  the 
corresponding  Tafel  plots). 

without  SDS,  suggesting  that  the  NiCo204  electrode  with  SDS 
possesses  faster  electrochemical  kinetics  for  MOR. 

4.  Conclusions 

A  facile  SDS-assistant  hydrothermal  method  was  employed  to 
fabricate  mesoporous  NiCo204  nanoparticles,  which  exhibit  the 
superior  mesoporous  nanostructure  with  a  specific  surface  area 
and  mesopore  volume  of  88.63  m2  g-1  and  0.298  cm3  g_1. 
Impressively,  the  SDS-assisted  NiCo204  materials  show  much  bet¬ 
ter  electrocatalytic  activity  for  CH3OH  electrooxidation  than  the 
counterparts  without  SDS  assistance.  A  current  density  of 
125  mA  cm-2  and  72%  current  retention  for  consecutive  1000  s 
were  achieved  for  the  SDS-assisted  NiCo204  electrode  at  0.6  V  in 
1  M  KOH  and  0.5  M  CH3OH  electrolytes.  The  desirable  electro- 
catalytic  capability  of  the  SDS-assisted  NiCo204  materials  is  mainly 
owing  to  their  richer  surface  electroactive  sites  of  Co  and  Ni  species 
and  superior  mesoporous  nanostructures,  leading  to  the  enhanced 
electrocatalytic  activity  and  faster  electrochemical  kinetics,  which 
are  very  promising  for  further  promotion  of  Pt-free  catalysts  based 
alkaline  DMFCs. 
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